v-The smooth-muscle tone of pial, middle, and anterior cerebral arteries from humans, cats, and pigs, respectively, was studied in vitro with respect to the effects of capsaicin and various peptides which are present in local perivascular nerves. Neuropeptide Y (NPY) caused concentration-dependent, potent contractions of the cerebral vessels both in the presence and in the absence of endothelium. In contrast to the response to noradrenaline (NA) and K § the NPY effect was not altered by changes in the extracellular Ca + § concentration. The relaxant action of the calcium antagonist nifedipine on NPY-evoked contraction of cerebral arteries was not inhibited by a Ca++-deficient medium or by a high-Ca ++ medium. Calcitonin gene-related peptide (CGRP), substance P (SP), and capsaicin caused relaxation of precontracted cerebral arteries with an intact endothelium. Calcitonin gene-related pepfide was the most potent dilatory agent, and removal of the endothelium did not change the CGRP response. In contrast, the ability of SP to cause relaxation was abolished after removal of the endothelium. Capsaicin, which activates sensory nerves, induced long-lasting relaxation in both the presence and absence of endothelium. In conclusion, in contrast to earlier reported data, the contractile effect of NPY seems to be largely independent of extracellular Ca ++, while NA-and K+-induced contractions are dependent on extracellular Ca ++. The present results suggest that the relaxant effect of nifedipine on cerebral blood vessels may involve actions other than inhibition of Ca ++ influx. The relaxant effect of capsaicin is likely to be induced by release of CGRP rather than SP. The potent effects of these peptides on human pial arteries suggest that neuropeptides may be involved in the control of cerebral blood flow in man.
N
ERVES innervating the cerebral blood vessels contain multiple peptides, including neuropeptide Y (NPY; sympathetic nerves), calcitonin gene-related peptide (CGRP), and substance P (SP; sensory nerves). 7 Neuropeptide Y, which coexists with noradrenaline (NA) in perivascular sympathetic nerve terminals, ~9 possesses potent vasoconstrictor effects. It has been postulated that delayed vasoconstriction following subarachnoid hemorrhage and increased intracranial pressure may activate the sympathetic nerves and induce release of this vosoactive peptide. L32 The vasoconstrictor effect of NPY has been reported to be critically sensitive to various Ca + § antagonists such as diltiazem, nifedipine, and verapamil. 8"9' 3~ It seems unclear, however, whether the relaxant effects of nifedipine on NPY-evoked contractions of human blood vessels are dependent on inhibition of Ca ++ influx. 29 Capsaicin, the pungent agent in hot peppers, activates peptide-containing sensory nerves. Exposure to capsaicin leads to release of CGRP and SP from sensory nerves in the dorsal horn of the spinal cord. 33 It is unclear whether the capsaicin-induced relaxation of cerebral blood vessels in guinea pig 6 is caused by the release of SP or some other substance such as CGRP, and knowledge of the effect of CGRP, SP, and capsaicin on human cerebral arteries is incomplete. The aim of the present investigation on isolated cerebral arteries from humans, cats, and pigs was to compare the effects of NPY, CGRP, SP, and capsaicin with and without the presence of endothelium. Furthermore, the action of the Ca ++ antagonist nifedipine on the NPY effects was compared to its ability to inhibit NA-and K § induced contractions, which are known to be highly dependent on the extracellular Ca ++ concentration. 
Materials and Methods
H u m a n pial arteries were dissected out from 15 patients of both sexes who were undergoing craniotomy to remove gliomas. The patients were not receiving vasoactive drugs and were anesthesized with neuroleptanesthesia. Cerebral arteries from eight cats and 12 pigs were taken from the first portion of the middle and anterior cerebral arteries, respectively. The animals were killed by an overdose of pentobarbital, after which craniectomy was performed, the brain was removed, and the vessels were dissected out.
The vessels were immediately placed in ice-cold Krebs solution of the following composition (mM): NaCI 122, KCI 4.7, NaHCO3 15.5, KH2PO4 1.2, MgC12 1.2, CaC12 2.5, and glucose 11.5. The diameter of the vessels varied from 0.5 to 1.5 m m in all species. These vessels were cut in segments 3 to 4 m m long and mounted on two L-shaped metal holders in a 2-ml organ bath containing Krebs solution at 37"C, which was constantly bubbled with a mixture of 5% CO2 and 95% 02 to maintain a pH of 7.4. For recording of isometric circular contraction, one of the holders was connected to a Grass F F 03 C force displacement transducer and a Grass 7D polygraph.* 17 * Force displacement transducer and polygraph manufactured by Grass Instrument Co., Quincy, Massachusetts. A tension of 5 m N was applied to the vessels. Readjustment to compensate for spontaneous relaxation was performed until a stable tension was obtained (usually within 90 minutes). The buffer solution was changed repeatedly throughout the experiment. Prostaglandin (PG) F2, 0 0 -5 M) or Krebs solution containing 127 mM potassium (K § was then added to evoke a standardized contraction. These contractions were repeated until reproducible responses were obtained. The 127-mM K + solution was obtained by substituting NaC1 for equimolar amounts of KC1. The composition of the Krebs solutions was changed in some experiments to a Ca++-deficient medium (no CaCI2 and 0.01 m M ethylene glycol-bis 03-aminoethylether)-N, N'-tetra-acetic acid added) or to a high-Ca ++ medium (7.5 m M CaC12). When a Ca++-deficient or a high-Ca ++ medium was used, the arteries were preincubated for 30 minutes in the respective medium.
Noradrenaline, NPY, capsaicin, CGRP, SP, and acetylcholine (ACh) were added cumulatively in increasing concentrations in a volume of 50 #l. The contractile responses to NA and N P Y are expressed as a percentage of the effect evoked by the 127-mM K + solution. The relaxant effects of capsaicin, CGRP, SP, and ACh were studied on arterial segments precontracted with either K § or PGF2~. Some vessels from the pig and cat were also studied after the endothelium was removed by rubbing a thread in the lumen under microscopic control. Absence of ACh-induced relaxation was taken as evidence of removal of the endothelium. TM The values are given as means _+ standard error of the mean, and statistical significance was tested by using the MannWhitney U-test. A p value less than 0.05 was accepted as significant. 
Results

Effects of NPY, NA, and K +
Neuropeptide Y caused slowly developing contractions of all vessels studied (from humans, cats, and pigs) in standard Krebs medium with a threshold concentration of 5 x 10 -9 M in most preparations (Figs. IA, 2A , and 3B to D). The m a x i m u m contractions obtained with NPY were between 20% and 40% of those evoked by high K + (Fig. 3B to D) . Pig cerebral artery was the most reactive vessel studied with a response that was 40% _ 6% of that evoked by high K + at an NPY concentration of 10 -7 M (Fig. 3D) . Nifedipine (5 x 10 -7 M) added to the medium during the NPY-induced contraction caused a progressive relaxation by 100% in h u m a n pial arteries and cat cerebral arteries (Figs. 1 and 2) and by 95% • 5% in pig cerebral arteries (four specimens). There was no difference in contractile response to NPY between control vessels and vessels with no endothelium in the cat and pig.
Noradrenaline caused reproducible contractile responses in human pial arteries ( (Fig. 3) . However, N A was less potent than N P Y on a molar basis in causing contraction of h u m a n pial arteries at lower concentrations (Fig. 3A) .
In the Ca++-deficient medium the concentrations evoked by N P Y were not significantly different from control levels in any of the arteries (Fig. 3B to D) . Furthermore, nifedipine (5 x 10 -7 M ) still caused an instant and total relaxation of the NPY-induced contractions in all arteries (Fig. 1B) . The NA-and K +-induced contractions of h u m a n vessels were, however, markedly reduced in the Ca++-deficient m e d i u m by about 75% (p < 0.001) (Figs. 1 and 3A) . In the highCa ++ m e d i u m (7.5 raM) the responses to K + were increased to 137% + 14% (four specimens; p < 0.05) of control levels in cat cerebral artery (Fig. 2B ) and 162% + 13% (four specimens; p < 0.05) of control levels in pig cerebral artery. The N P u contractions, however, remained unchanged at this Ca ++ concentration (Figs. 2B and 3C to D) . Furthermore, the NPYinduced contraction was still relaxed by nifedipine (5 x 10 -7 M) in both the cat (Fig. 2B) and pig cerebral arteries.
Effects of Capsaicin, CGRP, and SP
Capsaicin (5 • l0 -6 M) caused relaxation by 18% + 3% (24 specimens), 44% + 12% (three specimens), and 17% _+ 2% (eight specimens) o f K § human, cat, and pig cerebral arteries, respectively (Figs. 4 and 5). The capsaicin effect was long-lasting (Fig. 4) .
FIG. 5. Effects of capsaicin (open circles)
and increasing concentrations of substance P (triangles) and calcitonin gene-related peptide (filled circles) on 127 mM K+-precontracted cerebral arteries from pigs, cats, and humans with intact endothelium. Values are expressed as the mean _ standard error of the mean; the number of vessels studied ranged from three to 25.
The C G R P caused a concentration-dependent relaxation of K+-precontracted arteries, with m a x i m u m effects at 10 -7 M of 45% + 6% in pig vessels (13 specimens), 74% _ 3% in cat vessels (25 specimens), and 51% _ 6% in h u m a n vessels (11 specimens) (Figs. 4 and 5). The m a x i m u m relaxant response to SP was less pronounced than the C G R P effect in all vessels studied (Fig. 5) . Thus, the m a x i m u m relaxation effects of SP (10 -6 M) were 33% _ 4% (seven specimens), 44% ___ 12% (four specimens), and 36% • 4% (15 specimens) for pig, cat, and h u m a n cerebral arteries, respectively (Fig. 5) . The effects of SP lasted only a short time. When the vessels were precontracted with PGF2~ almost the same results were obtained with SP, whereas more pronounced effects were observed with C G R P and capsaicin compared to the response when the 127-raM K § solution was used to produce precontraction (Figs. 5 and 6).
After removal of the endothelium in pig vessels (as revealed by the absence of an ACh-induced relaxation), capsaicin induced a similar relaxant effect as in the control group (Fig. 6) . Similarly, the concentrationresponse curve to C G R P was unchanged after endothelium removal (Fig. 6) . Thus, the maximal relaxation effects of C G R P (10 -7 M) were 72% • 5% (12 specimens) and 79% • 3% (10 specimens) in the absence and presence of endothelium, respectively. In contrast, there was no significant relaxation evoked by SP after removal of the endothelium (seven specimens) (Fig. 6 ).
Discussion
Neuropeptide Y is released during sympathetic nerve stimulation in experimental animals ~9'2~ and upon reflex sympathetic activation in man. 2~'28 Furthermore, elevated intracranial pressure is associated with markedly increased plasma levels of N P Y . 32 In addition, N P Y has been observed to cause long-lasting and potent reduction of cerebral blood flow in vivo in rats,~ and to constrict isolated cat cerebral vessels in vitro. 9 The present results show that N P Y caused potent concentration-dependent constriction of cerebral arteries of man, cat, and pig in vitro. The contractile effects of NPY were found to be endothelium-independent. The potency was higher for N P Y than for NA, as has previously been shown in peripheral arteries. 29 The present findings therefore support the suggestion that NPY could be involved as a mediator of delayed cerebral vasoconstriction following subarachnoid hemorrhage.
The K +-and NA-induced contractions were markedly reduced in the Ca++-deficient medium and the K +-induced contraction was increased in the high-Ca ++ medium. This supports the view that the contractile mechanisms for these two agents are highly dependent FIG. 6. Effects of increasing concentrations of capsaicin, acetylcholine, substance P (SP), and calcitonin gene-related peptide (CGRP) on pig cerebral arteries precontracted with prostaglandin F2.. The effects were tested both with intact (diamonds) and rubbed (triangles) endothelium. Values are expressed as the mean -standard error of the mean; the number of vessels studied ranged from four to 12. Significant differences between the responses were calculated using the Mann-Whitney U-test. Asterisks indicate p < 0.05. on the extracellular Ca ++ level. TM An interesting observation in the present study was that the NPY-induced vasoconstriction was not changed in the Ca++-deficient medium in comparison to control conditions. This finding is in contrast to that of Edvinsson, et al., 9 who reported that the NPY-induced contraction of cat cerebral artery was almost abolished in a Ca § medium of a similar composition as that used in the present study. This apparent discrepancy is difficult to explain, but the present results are in agreement with those recently obtained on human skeletal muscle arteries in vitro using a similar approach, z9 Thus, it may be suggested that NPY-induced constriction of these cerebral arteries is not dependent to a major extent on the extracellular Ca ++ concentration, but rather on some other mechanism, such as release of Ca ++ from an intracellular pool. This suggestion is further supported by the unchanged NPY-induced contraction of cat and pig cerebral arteries in the presence of a highCa ++ concentration (7.5 raM).
The finding that the Ca ++ antagonist nifedipine inhibited NPY-evoked vasoconstriction of the cerebral arteries is in agreement with the results of the study by Edvinsson, et al., 9 in which diltiazem, another Ca ++ antagonist, was used. Nifedipine also inhibits in vitro the NPY-evoked vasoconstriction of other arteries, including human peripheral arteries. 27 '29 In the present study, nifedipine also inhibited the NPY-induced contraction in the Ca++-deficient medium. These findings therefore indicate that mechanisms other than blockade of influx of extracellular Ca ++ (which is the main accepted mechanism of action for nifedipine and other calcium antagonists) may underlie the nifedipine-induced inhibition of NPY-evoked vasoconstriction. For instance, interference with intracellular Ca ++ pools by nifedipine could explain the present results. Such an action of nifedipine has also been proposed based on investigations in which other vessels and contractile agents were used. 5'3~ An alternative explanation is that the Ca++-deficient medium is not completely Ca+ § and that a small influx of Ca ++ is sufficient to cause a Ca++-induced release of intracellular Ca § during the NPY-evoked constriction. Such a limited Ca ++ influx can possibly be blocked by nifedipine, with subsequent inhibition of the constriction.15 This issue needs further study.
Activation of sensory nerves around the cerebral blood vessels occurs during such events as painful migraine attacks. Moreover, local ischemia may activate capsaicin-sensitive C-fiber afferents and induce vasodilatation. Thus, the effects of vasoconstrictor agents are enhanced in the absence of sensory nerves. 25 Furthermore, at least in the skin, the postocclusive hyperemia is markedly reduced in animals pretreated with capsaicin to destroy SP-and CGRP-containing C-fiber afferents. 18 The present data show that CGRP induces potent relaxation of precontracted cerebral vessels of humans, cats, and pigs. The CGRP-evoked relaxation was similar in cerebral vessels with both an intact and rubbed endothelium. These data are in agreement with those reported by Hanko, et aL, 16 and Edvinsson, et aL, 1~ suggesting that the CGRP-induced relaxation of cerebral arteries is independent of the endothelium. After the cerebral arteries were stripped of endothelium, SP had no effect, indicating the importance of the endothelium in SP-induced relaxation of cerebral arteries. 1~ The sensory nerve fibers of trigeminal origin, which contain SP and CGRP, have been shown to be present mainly at the adventitial-medial junction. TM Therefore, neuronally released SP probably has to diffuse through the wall of the media to reach the endothelium in order to produce its relaxation effect. This situation seems less likely to occur in the intact animal, and the CGRP response which seems to be mediated directly on the smooth muscle may thus be of larger physiological significance for the vasodilatory response upon activation of sensory nerves.
The characteristics of the capsaicin-induced relaxation were different from those of the response to SP, which was very short-lasting. This indicates that this sensory irritant may mediate its vasorelaxant effects by release of bioactive substances other than SP. Moreover, in contrast to the response to SP, the vasodilator effect of capsaicin was not altered after removal of the endothelium. It has been shown that capsaicin may also release other substances, such as CGRP, from sensory nerves. 33 Therefore, the capsaicin-induced relaxation of cerebral blood vessels is likely to be due to a release of CGRP rather than of SP. A similar conclusion has recently been reached to the capsaicin-induced relaxation of pig coronary arteries. ~3
In addition to the pathological alterations of the endothelium that follow cerebral hemorrhage,12'26 it has been suggested that hemoglobin inhibits the effects of the endothelium-derived relaxing factor 24 and interferes with the vasodilatory action of prostacyclin. 3'4 It is therefore tentative to suggest that the vasodilatory effect of CGRP alone following subarachnoid hemorrhage is not enough to prevent delayed vasoconstriction, since hemoglobin might inhibit the effects of other endothelium-dependent neuropeptides.
In conclusion, these data show that the mechanisms underlying the potent endothelium-independent vasoconstrictor effects of NPY on cerebral arteries are sensitive to nifedipine but are not influenced by changes in the extracellular Ca ++ concentration compared to NA-and K+-induced vasoconstrictor responses. Calcitonin gene-related peptide causes endothelium-independent relaxation, and SP causes endothelium-dependent relaxant effects in cerebral arteries. At present, CGRP is considered to be the most likely factor in the mediation of the vasodilatation that follows activation of sensory nerves by capsaicin.
